Abstract. We have investigated the background properties of EPIC-pn onboard XMM-Newton to establish the background subtraction method. Count rates of the background vary violently by two orders of magnitude at the maximum, while during the most quiet period, these are stable within 8 % at a 1 σ level. The overall spectrum is dominated by particle events above 5 keV, and its spatial variation is also found. The long-term variation of the background is also investigated with CAL CLOSED data,where the filter wheel was in closed position with the internal calibration source illuminating the sensitive area. The average background count rate decreased by 20 % from March 2000 to January 2001, but it regained in February 2001. For the modeling of the background spectrum, we investigate relations between the 2.0-7.0 keV count rate and some characteristic parameters. The 2.0-7.0 keV background count rate shows a good correlation with the count rate of events outside the field of view. This correlation is usable for the modeling of the background.
Introduction
In X-ray data analysis, understanding properties of background in the data is crucial in order to extract actual source X-rays, in particular for extended objects with low surface brightness like galaxy clusters and supernova remnants (SNRs) having low signal to noise ratios. The most sophisticated high quality X-ray detectors currently used in X-ray observations in orbit are X-ray CCDs, which was for the first time on board ASCA (1993 Tanaka et al. 1994) and are currently utilized on XMMNewton (Jansen et al. 2001) and Chandra (Weisskopf et al. 2000) . The background of ASCA/SIS (Solid-state Imaging Spectrometer) is rather stable and its count rate correlates with the local cutoff rigidity value, indicating that the background is mainly induced by high energy particles, except at the South Atlantic Anomaly (SAA) (see e.g. Gendreau 1995a; Ueda 1995) . On the other hand, the X-ray CCD cameras onboard XMM-Newton and Chandra exhibit violent variability as large as two orders of magnitudes (Markevitch 2001; Lumb 2001) . The responsible difference between ASCA and the currently working two satellites is their orbits. ASCA took an almost circular orbit with an average altitude of 520-620 km, while XMMNewton and Chandra take an highly elliptical orbit with an apogee of about 100,000 km and a perigee of about 10,000 km and thus mostly fly outside the Earth's magnetosphere. The rapid variation is thought to be caused by protons scattered through the mirror system (often referred to as "soft protons"). In particular, protons in the energy of 100-200 keV degrade the performance of Chandra ACIS-I (Prigozhin et al. 2000) . Lumb (2001) suggests that the rapid flux variation of those soft protons is caused by magnetic reconnections rather than solar flares.
XMM-Newton, with the largest effective area of the X-ray telescope and the high quantum efficiency of the CCD cameras, should be the best suitable observatory for low surface brightness objects. In this paper, we show the properties of the background of the EPIC-pn onboard XMM-Newton, following reports by Briel et al (2001) , Freyberg et al. (2002a ,2002b . We also study correlations between the background and some characteristic parameters to look for a possible method of the background modeling.
Data and Screening
We used EPIC-pn data taken during the calibration and performance verification (Cal-PV) phase. We selected data sets taken in full frame mode with thin1 filter, excluding data with bright sources and observation time longer than 15 ksec to ensure enough count statistcs. In addition to those data sets, we also use a data set taken with the filter wheel in the closed position (hereafter referred as CLOSED), which includes no contributions from photons or particles through the X-ray telescope. The data sets used in our analysis are summarized in Table 1 . We have selected single and double pattern events. Fig.  1 shows a light curve from one of the Lockman hole observations. The light curve mainly consists of two characteristic components. One is the flaring component that is characterized by strong and rapid variability by two orders of magnitude at the maximum. The other part of the light curve shows rather stable count rates and ought to be used for scientific analysis. In order to exclude the flaring component, time periods where the count rate deviates from the mean value during the quiescent period by ±2σ are excluded. Celestial sources and noisy CCD pixels are also excluded from the data in the following way. The image was binned with 40 sky pixels (2 ′′ ) and smoothed by a Gaussian of σ = 4
′′ . From the smoothed image made, we then made a pixel-counts histogram, which is the histogram of the count rate of each image bin (Fig. 2) . The pixel-counts histogram was fitted with a Poisson distribution. The pixels with count rates exceeding 2.5 times the average value were excluded as a source or noisy pixels. After eliminating those high count pixels, we again made a light curve and performed the temporal screening as described above. The average exposure time remaining after the screening is about 19 ksec. The sample may represent typical observations. In the following sections, we investigate stability of the energy spectrum and the spatial distribution of the background. Figure 3 shows the average background spectrum of EPICpn obtained from observations of all the thin filter data listed in Table 1 . Compared with the energy spectrum from the CLOSED data, which is overlaid in the same figure, the background spectrum is found to be dominated by the particle origin events above 5 keV, while, below 5 keV, the cosmic X-ray background (CXB) is the major contribution. Below 0.3 keV, another non-X- ray noise emerges. The prominent line features are Al-K (1.49keV), Ni-K (7.48 keV), Cu-K (8.05,8.91 keV), and Zn-K (8.64,9.57keV) lines (Freyberg et al. 2002a ). The excess emission at 0.6 keV is very likely due to characteristic emission lines from O VII and O VIII that associated with the local bubble (e.g. Tanaka & Bleeker 1977 , Gendreau et al. 1995b We next accumulated energy spectrum from each data set and obtained its ratio to the average spectrum, which are shown in the left panel of Fig. 4 . The variations of count rate in each energy band are quantified with the standard deviation at a 1 σ and illustrated in the right panel of Fig. 4 . In the 0.5-12 keV, it is almost constant at ∼ 8%, while below 0.4 keV it increases to ∼ 14%. The variations at Al and Cu lines are significantly smaller than those of continuum. These lines come from the electronic board below the CCD and do not affected by the soft protons, since those which can be scattered through the mirror system can not penetrate the CCD. Therefore, high energy particles which induce these lines may have a smaller variability than the soft protons.
Spectrum of EPIC-pn background
In order to investigate the stability of the shape of the background spectrum, we divided the spectrum into seven energy bands (0.2-0.4 keV, 0.4-1.3 keV, 1.3-1.7 keV, 1.7-4.0 keV, 4.0-7.2 keV, 7.2-9.2 keV, and 9.2-12.0 keV) and derived the ratios between different energy bands. Figure  5 shows the relations of count rates between 4.0-7.2 keV and the other six energy bands. In the 1.3-12.0 keV band, the shape of the background spectrum is stable within 5 %. Below 1.3 keV, no good correlation is seen. In the 0.4-1.3 keV band, this is probably due to variation of the CXB component in the soft energy region. No correlation seen between the 0.2-0.4 keV and 4.0-7.2 keV indicates that the non-X-ray noise that dominates the 0.2-0.4 keV count rate vary independently from the CXB and the particle origin events. Figure 4 (left), 5, 11, 12, and 13. Table 1 . (Right) Standard deviation of background spectra in each energy band at a 1 σ level.
Spatial distribution of background
profile, the count rate increases beyond ∼12 arcmin, which caused by a concentration of the non-Xray noise around the readout node. In the 0.4-4.0 keV band where CXB dominates, the profiles show the telescope vignetting effect. A sudden drop at 15 arcmin radius corresponds to the edge of the field of view (FOV), outside which no sky X-rays are supposed to be detected. The 7.2-9.0 keV band is dominated by Cu line, which is originated from the electronics circuit board placed beneath the CCD except the central about 6 arcmin region (see Freyberg et al. (2002b)) In the highest energy band, 9.2-12.0 keV, the count rate profile is almost flat with some excess in the central ∼ 6 arcmin region, which may correspond to the structure of the electronics circuit board.
As for the energy spectrum, we examined the stability of the radial count rate profile. Fig. 7 shows the 1 σ standard deviation in the 2.0-7.0 keV band, which is virtually constant over the detector. Fig. 8 shows the correlations of count rates between outside of FOV and inside of FOV for different energy bands (0.2-0.4 keV, 0.4-1.7 keV, 1.7-7.2 keV, and 7.2-12.0 keV). Open circles, filled circles, and filled squares indicate the count rate in the r = 0-5 ′ , 5-10 ′ , and 10-15 ′ , respectively. Each count rate is normalized by the average count rate. From these plots, the shape of the radial count rate profiles found to be unchanged within 4 % for the 1.7-7.2 keV band and 10 % for the 7.2-12.0 keV band. No good correlation is seen in the 0.2-0.4 keV band and the 0.4-1.7 keV band, which is very likely due to the variation of the non-X-ray noise and the CXB, respectively.
Long-term variation of the background
We investigated long-term variation of the background count rate. For the study, we used CAL CLOSED data, which is taken during the CCD is exposed by the calibration source mounted on the filter wheel. This operation is performed every orbit during the satellite orbit is the closest to the Earth and no observation is possible due to high flux of low energy electrons.
The data are free from sky X-rays and soft protons and could be used for monitoring particle background. Fig. 9 shows the 5.0-13.0 keV spectra taken from one of CAL CLOSED data compared with the Lockman hole data and the CLOSED data. The contribution from the calibration source is found only below 7.2 keV. Therefore, the 7.2-13.0 keV band of the CAL CLOSED data can be usable for monitoring the count rate of the particle origin events. 
Possible methods of the background modeling
Although, the count rate of the background in quiescent period is rather stable (within 8% for 1 σ), a data set may have different count rate as large as 50% or more from the average value as seen in the long-term light curve. Therefore, applying the average background may not work generally.
In this section, we look for a method to predict the background count rate for an observation data set, that should work for the data where the source emission covers the entire FOV, like an observation of a nearby cluster. As a parameter for monitoring the background count rate, we here consider the following three parameters: (1) Number of discarded columns, (2) Count rate of 10.0-13.0 keV, and (3) Count rate of outside of FOV.
Number of discarded columns
In the data processing of EPIC-pn, the column that detects an event above upper energy threshold and its neighbor columns are removed from the data as a background (Appendix of Freyberg et al. 2002b ). This is called minimum ionizing particle (MIP) rejection. As most of these MIP events are particle events, the number of columns that are discarded by the process is expected to be related to the remaining background count rate. However, as shown in Fig. 11 , there is no clear correlation between the 2.0-7.0 keV count rates and the number of discarded columns. The correlation coefficient for this data set is 0.544.
The MIP events are generated by high energy particles which pass through or stop in the CCD with losing its energy. On the other hand, the 2.0-7.0 keV background, in particular the continuum, is attributed to a smaller number of particles that have a certain configuration of the energy and the incident direction. Therefore, the 2.0-7.0 keV background count rate would fluctuate largely by the temporal change of the particle energy spectrum. 6.2. Count rate of 10.0-13.0 keV
For many sources, X-ray flux above 10.0 keV are negligibly small compared to the background. Thus, the count rate above 10.0 keV could be used for modeling the background.
In Fig. 12 , the background count rates in 10.0-13.0 keV are plotted against those in 2.0-7.0 keV, showing a Table 1 . The solid line corresponds to the best fit regression line. good correlation. The correlation coefficient for these data is 0.929, and the scatter is less than 8 %.
Count rate of outside of FOV
Events detected in the outside of FOV are mostly originated from high energy particles and are expected to be a good monitor of the background in the FOV. Figure 13 displays the 2.0-7.0 keV count rate detected outside of FOV vs. that in FOV. It shows a good correlation. The correlation coefficient is 0.983, and the scatter is less than 3 %. Therefore, the count rate of outside of FOV (hereafter COF) shows the best correlation among the three parameters we examined here. Note that although the out-of-time events (Strüder et al. 1997 ) that contaminates the outside Table 1 . The solid line corresponds to the best fit regression line.
of FOV have not been subtracted, 30 % count rate fluctuation inside FOV causes the count rate variation in the outside FOV by at most 2 %.
The correlation should be used to predict background of an observation. A predicted background of an observation can be given from the average background scaled to have the same COF as that of the observation. In order to examine the efficacy, we renormalized each spectrum in Fig. 4 so that each COF in the 2.0-7.0 keV band becomes the same as that of the average background, and calculated the variations (standard deviations of 1 σ), which is shown in Fig. 14. The variation of the pn background spectra decreases from the original scatter of 8 % to 2 % in the 2.0-7.0 keV, while the soft energy band below ∼ 1 keV do not change. This is because the COF represents only the flux of the high energy particle events. The variation in the 7.0-9.0 keV band where characteristic emission lines are detected was not improved as much as the 2.0-7.0 keV band, either. This corresponds to the scatter seen in Fig. 5 (e) . The radial profile of the standard deviation in the 2.0-7.0 keV shows the improvement from 8 % to 2 % except in the central 4 arcmin radius region, where the contribution from the cosmic X-ray background is the maximum.
Comparison with ASCA and Chandra
In this section, we compare the spectra of the background of different X-ray CCDs onboard various satellites, which include ASCA/SIS, Chandra/ACIS-I and ACIS-S, XMM/EPIC-pn and EPIC-MOS. For ASCA/SIS, we used a blank-sky data base provided by NASA/GSFC, while the Chandra ACIS-S and ACIS-I data used here are taken from blank sky observations compiled by Markevitch (2001) . Each spectrum is normalized by the physical size of the CCD, so that they represent the background count Table 1 . The solid line corresponds to the best fit regression line. rate per unit area on the focal plane. The normalized spectra are shown in Fig. 15 . As these spectra include the CXB component, a direct comparison of the particle event flux is meaningful only above about 5keV. The difference of the background count rates among different instruments should be explained by the cosmic-ray-particle flux depending on the satellite orbit, and the sensitivity of the CCDs, which is governed by the thickness of the depletion layer and other structure (e.g. front-illuminated or back-illuminated).
In Fig. 16 , each spectrum is normalized by the effective area of the X-ray telescope plus CCD and by the solid angle of the FOV. Thus, it represents a surface brightness of the background, and gives a measure of sensitivity to diffuse objects. Note that the XMM/EPIC-pn has 10 times larger effective area but 2 times longer focal length than the ASCA/SIS, which reduces background count rate by a factor of (2 2 /10) = 0.4 for the same count rates per unit area on the focal plane. Since the particle background count rate for XMM is about 5 times larger than that of ASCA/SIS, the ASCA/SIS is still the most sensitive for faint diffuse sources among those CCDs.
Summary & Discussion
We investigated the properties of the EPIC-pn background. A typical light curve of an observation shows violent variabilities due to the soft protons, while, after eliminating such high count rate periods, the count rate is found to be rather stable. The background energy spectrum is consist of high energy particle events (continuum and characteristic emission lines) dominating above 5 keV, cosmic X-ray background dominating in the 0.4-5.0 keV band, and the non-X-ray noise contributing only below 0. is found to be stable within 8 % depending on energy, but it gradually decreased by 20% by the end of January 2001. In addition to this long term trend, background count rate of an observation could fluctuate as large as 50 % from the average. We found that the events detected in the out of field of view well represent the particle origin background in the field of view as well, which can be utilized for modeling the background. For an actual modeling of the background, we also need take into account the variation of the soft CXB below 2 keV from sky to sky (see e.g. Snowden et al. 1997) . Fig. 16 . XMM, Chandra, and ASCA background spectra normalized by effective area.
